In a previous study, we concluded that respirator testing with a sodium chloride aerosol gave a conservative estimate of filter penetration for welding fume aerosols. A rapid increase in the pressure drop (PD) of some respirators was observed as fumes accumulated on the filters. The present study evaluated particulate respirator PD based on workplace field tests. A field PD tester was designed and validated using the TSI 8130 Automatic Filter Tester, designed in compliance with National Institute for Occupational and Safety and Health regulation 42 CFR part 84. Three models (two replaceable dual-type filters and one replaceable single-type filter) were evaluated against CO 2 gas arc welding on mild steel in confined booths in the workplace. Field tests were performed under four airborne concentrations (27.5, 15.4, 7.9, and 2.1 mg m 23 ). The mass concentration was measured by the gravimetric method, and number concentration was monitored using P-Trak (Model 8525, TSI, USA). Additionally, photos and scanning electron microscopy-energy dispersive X-ray spectroscopy were used to visualize and analyze the composition of welding fumes trapped in the filters. The field PD tester showed no significant difference compared with the TSI tester. There was no significant difference in the initial PD between laboratory and field results. The PD increased as a function of fume load on the respirator filters for all tested models. The increasing PD trend differed by models, and PD increased rapidly at high concentrations because greater amount of fumes accumulated on the filters in a given time. The increase in PD as a function of fume load on the filters showed a similar pattern as fume load varied for a particular model, but different patterns were observed for different models. Images and elemental analyses of fumes trapped on the respirator filters showed that most welding fumes were trapped within the first layer, outer web cover, and second layer, in order, while no fumes were observed beneath the fourth layer of the tested respirators. The current findings contribute substantially to our understanding of respirator PD in the presence of welding fumes.
INTRODUCTION
Welding, to join metals, is one of the most common processes in the workplace. Complex mixtures of metals, metal oxides, and gaseous by-products are formed during welding operations. These processes generate small particles called welding fumes, and it is estimated that more than 5 million workers worldwide are exposed to welding fumes on a daily basis (Antonini et al., 2007) . Health effects caused by exposure to welding fumes are primarily related to respiratory symptoms. The wide range of adverse health effects includes metal fume fever, pneumoconiosis, increased risk of lung cancer, occupational asthma, pulmonary functional abnormalities, and chronic bronchitis (Korczynski, 2000; Zimmer and Biswas, 2001) . To reduce inhalation exposure, improved engineering controls, including local exhaust ventilation systems, are implemented.
Welding generates particulate matter in which the individual particles are in the ultrafine size range (10-100 nm) near the arc (Antonini et al., 2003) . However, these welding particles aggregate quickly to form longer chains in the air. In a previous study, we examined the size distribution of welding fumes using a scanning mobility particle sizer . The count median diameter was 216 nm with the 95% of the fumes fall in the range of 72 and 643 nm (Cho et al., 2011) .
When engineering controls do not reduce occupational exposure to an acceptable level, the use of respirators is generally recommended because they are inexpensive, convenient, and highly efficient at filtering particulate matter. Many protocols for testing and certifying particulate respirators are available nationally and internationally. For example, the US National Institute for Occupational and Safety and Health (NIOSH) conducts certification testing according to 42 CFR part 84 (DHHS, 1995) . The NIOSH certification protocols test the filtration efficiency of respirators using two aerosols: NaCl (for use against solid aerosols) or dioctyl phthalate (for use against oil-based liquid aerosols) (Eninger et al., 2008) . The NIOSH certification test focuses on filtration efficiency. Numbers indicating filtration efficiency are added to respirators that are regulated throughout the world. For example, in USA, NIOSH certifies respirator types 95, 99, and 100 with minimum filtration efficiencies of 95, 99, and 99.97%, respectively. In the European Community, P1, P2, and P3 types meet minimum filtration efficiencies of 80, 94, and 99%, respectively. In Korea, Second, First, and Special types have the same filtration efficiency as those in the Europe Community. In addition to filtration efficiency, breathing resistance tests are also included in certification protocols. Inhalation and exhalation resistance tests are performed using a manometer, and NIOSH has pass or fail criteria requiring that initial inhalation resistance shall not exceed 35 mmH 2 O for non-powered air-purifying particulate respirators and 25 mmH 2 O initial exhalation resistance (NIOSH, 2005 (NIOSH, , 2009 .
Many performance studies on particulate respirators have been conducted over the past several years. In accordance with the requirements of the NIOSH 42 CFR 84 particulate respirator certification protocol, some studies used NaCl or dioctyl phthalate aerosols and reported penetration and pressure drop (PD) of particulate filter media and/or respirators (Barrett and Rousseau, 1998; Martin and Moyer, 2000; Janssen, 2003; Viscusi et al., 2009) . Additionally, various submicron aerosols have been used to evaluate the performance of particulate respirators.
Size-fractioned filter penetration has been evaluated to examine filtration efficiency (Balazy et al., 2006; Japuntich et al., 2007; Kim et al., 2007; Eninger et al., 2008; Rengasamy et al., 2009) . Studies on PD have focused primarily on physiological effects of breathing resistance tests (Janssen, 2004; . However, because there are no reported data on respirator tests using welding fumes, there was a need to evaluate the performance of respirators using welding fume aerosols.
In a previous study, we compared the performances of 15 commercial particulate respirators against NaCl and welding fume aerosols and found out that general correlations between penetration and PD results for both aerosols could not be made because it depends on respirator construction (Cho et al., 2011) . The tests were performed in a laboratory, and the NIOSH protocol was adopted using the NaCl aerosol. For the welding fume study, welding fumes from mild steel flux-cored arcs were generated in a specially designed welding chamber. Initial penetration and peak penetration were higher using the NaCl aerosol than with the welding fumes. However, there was no significant difference in initial PD between the aerosols, and PD increased much more rapidly in the welding fume test than the NaCl aerosol test. Based on these results, we concluded that respirators certified with a surrogate test aerosol, such as NaCl, are appropriate for filtering welding fumes. However, some may be better suited for use against welding fumes than others because of differences in sensitivity of breathing resistance to accumulated fume. Because the previous study was performed in the laboratory pilot equipment, a supplementary study using welding fumes at the workplace was needed to confirm the laboratory results. The aim of this study was to evaluate the PD of previously tested particulate respirators against workplace welding fumes and to visualize the entrapment of welding fumes in the filter layers of the respirators.
EXPERIMENTAL SECTION

Validation of the field PD tester
A field PD tester (length 30 cm, width 40 cm, and height 35 cm) was designed ( Fig. 1) . A PD transmitter (Dwyer Instruments, Inc., MS series, USA) and pump (GAST Manufacturing Inc., Rotary Vane, USA) were installed in the body of the device. The pump pulls outside air into the tested filters at a rate of 42.5 l min À1 , and the PD transmitter calculates resistance differences upstream and downstream of filters. A solid pipe (1 m long) was attached and sealed tightly to the inlet of the PD tester body. Test products were placed on top of the pipe and sealed tightly to prevent leakage of downstream air. We applied the hot melt adhesives several times to the connection parts to prevent possible leakage and checked the connection parts before and after the experiment to see any visible fume leakage.
A computer program was developed using Lab-VIEW to acquire analog signals from the PD transmitter. Real-time loading data were plotted every minute using the program. The upper limit of flow rate and PD were 60 l min À1 and 60 mmH 2 O, respectively.
Before field testing, we verified the field PD tester to ensure that it could read PD precisely. The TSI 8130 Automatic Filter Tester, designed in compliance with NIOSH regulation 42 CFR part 84, was used to assess the field PD tester. The verification test was performed in the laboratory. Nine filters were tested (three samples per model). Initial PD was first measured using the TSI tester, and then the field PD tester was operated using clean ambient air, followed by a comparison between the two testers using initial PD results.
Field test
For this field study, three models from the 15 respirators used in previous laboratory tests (Cho et al., 2011) were selected, based on workplace environment and the equipment available for testing (Table 1) . The criteria for selecting the three models included the most popular model for welders and a model in which PD increased rapidly. The increasing speed of PD is an important factor because of lower fume concentrations in the workplace compared with the laboratory. The two replaceable dual-type filters selected were designed to be used as a pair (one on each side of a facepiece), and one replaceable single-type filter was designed to be used singly with a facepiece. The layers of tested filters [products numbers 1 (# 15 in previous study), 2 (# 12 in previous study), 3 (# 7 in previous study)] were 8, 7, and 6, respectively. All filters included carbon granules to reduce exposure to ozone and other gaseous material generated by the welding process.
After several preliminary trials in different occupational settings, a welding training location at a college was selected based on various conditions: (i) the fume concentration must be sufficient to investigate increasing PD patterns; (ii) welding must progress Particulate respirator test using welding fume 3 of 11 continuously, rather than intermittently; and (iii) the confined workplace should not be subject to random air flow, such as the wind.
During the training course, welding was carried out in a confined booth (length 3.0 m, width 1.7 m, and height 2.5 m), and welding fume concentration was high because no local exhaust ventilation was used during welding operation. The class was held from 9:00 to 12:00 and 13:30 to 16:00. In the workplace, there were 22 confined booths, and each welder entered a booth individually for welding operations. In each booth, windows (1.3 Â 1.3 m) and an axial fan were installed on the wall; however, there was no local exhaust ventilation system. CO 2 gas arc welding was carried out with 1.2 mm of wire (KS YGW12, AWS ER70S-6, Chosun Welding Co., Korea), coated with copper, using a welding machine (Magic arc 350, Seil, Korea). Tests were conducted at 9.6°C and 37.4% relative humidity, both different from the laboratory conditions (25 -5°C and 30 -5%) in the previous study.
Three field PD testers were placed 1 m from the welding spot. PD tests were performed four times, and three different models were tested simultaneously during each trial. Each trial began when welding fume aerosol filled the booth sufficiently. The end point of each trial occurred when welders stopped welding operations to take a break. Each break was 10-20 min, and four welders participated in each trial. During the four test trials, all windows were closed, but the fan was operated during the fourth trial.
The gravimetric method was used to measure welding fume concentration in accordance with NIOSH method 0500, using pre-weighed 5.0-lm, 37-mm polyvinyl chloride (PVC) filters. The pump (AirChek XR5000, SKC Inc., USA) was linked with PVC filters in a three-piece cassette using 10-cm tygon tube, and the flow rate was 2 l min À1 . The pump was turned on when PD tests were initiated and turned off at the end point of PD tests. Between the four trials of each test, PVC filters were replaced with new ones; thus, fume concentration could be calculated for each trial. The pump was located on the body of the field PD tester.
The total welding fume number concentration in the test booths was measured using a P-Trak (Model 8525, TSI); data were recorded every 10 s. The P-Trak was placed outside the test booth, and the sensor was inserted through the window and installed at a height of 1 m from the floor (Fig. 1) . P-Trak can measure number concentration for ultrafine particle in the size range of 20-1000 nm with the limit of 500 000 # cc À1 . The equipment was checked the zero level using a zero filter prior to workplace measurements. Data were downloaded and analyzed using the Trak Pro software provided by TSI, Inc.
Photos and scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS) (SEM, JEOL, JSM-5600LV, Japan; EDS, Oxford Instrument, INCA x-Sight, UK) images of clean and exposed respirators were taken to examine the welding fumes trapped in several filter layers and to analyze the elements of welding fumes in each layer. Elements in welding fumes at each filter layer were presented as the frequency detected out of nine target points.
RESULTS AND DISCUSSION
Validation of the field PD tester Fig. 2 presents verification test results for the field PD tester using the TSI 8130 Automatic Filter Tester. Both instruments were operated at a flow rate of 42.51 min À1 . The comparison between the two instruments was based on initial PD, which showed no significant difference between the two instruments (paired t-test, P 5 0.622). The slope of PDs from laboratory tests plotted against PDs from field tests was 1.00, and correlation coefficient was 0.99; thus, the field PD tester displayed high accuracy and precision. There was significant difference in PD among three different models of respirator filters (analysis of variance, P , 0.001 for both laboratory and field PD testers), and there was little deviation among three filter samples for the same model (Fig. 2) . For product no. 3, initial PDs for two samples were almost the same, but the third sample was lower. This result indicates that intra-sample deviation existed among the samples, although they were the same model. Fig. 3 presents the initial PDs measured in the laboratory and workplace with welding fume. Among three products (no. 1, 2, and 3), products no. 1 and 2 were tested at a flow rate of 42.5 l min �1 , for both laboratory and field tests. However, the flow rate for product no. 3 was 85 l min �1 for laboratory tests and 42.5 l min �1 at the workplace. According to NIOSH protocols (NIOSH, 2007a,b) , single filters should be tested at a flow rate of 85 -4 l min �1 and dual filters at 42.5 -2 l min �1 using the NaCl aerosol. Although product no. 3 was a single filter, it was tested at a flow rate of 42.5 l min �1 for field tests because the upper flow rate limit of the field PD tester was 60 l min �1 . Thus, for product no. 3, the different flow rate caused a gap between laboratory and field initial PD result, making direct comparison difficult (Fig. 3a ). If the flow rate conditions were the same for laboratory and field tests, we would expect the results for product no. 3 (black triangles in Fig. 3 ) could be transferred using the y 5 x line.
Initial PD
To determine the flow rate effect on PD, we tested initial PD using two flow rates, 42.5 and 85 l min �1 . Twelve samples of product no. 3 were tested (six samples at 42.5 l min �1 and six samples at 85 l min �1 ) using the TSI 8130 Automatic Filter Tester. The initial PD results were 11.9 -0.6 mmH 2 O at 42.5 l min �1 and 25.4 -0.8 mmH 2 O at 85 l min �1 , indicating that if the flow rate doubles PD will nearly double. According to the test results, the PD at 85 l min �1 was not exactly twice that at 42.5 l min �1 . This discrepancy might be attributed to the measurement error and/or intra-product deviation (Fig. 2) and could be at least explained by the Hagen-Poiseuille equation, which gives a non-linear relationship between PD and flow rate as below (Sioutas et al., 1999) .
where l 5 viscosity, L 5 Pore length, Q 5 total flow rate, D t 5 effective pore size, N f 5 number of pores. The pore length (i.e. filter thickness), effective pore size, and number of pores might be different within the same product and could affect to the non-linear proportion relationship between PD and flow rate.
To compensate for the effect of different flow rates on initial PD, we divided the laboratory test results by two (Fig. 3) . The arrow indicates the initial PD decrease resulting from reduction of the laboratory test flow rate by half. For product no. 2, the initial PD deviated slightly from y 5 x due to intra-deviation among different samples of the same model and measurement error. Products numbers 1 and 3 showed no significant difference between laboratory and field test results (t-test, P 5 0.73 and P 5 0.81, respectively), whereas product no. 2 showed a significant difference (P 5 0.03). One reason for significant difference in PD for product no. 2 in Fig. 3 is Particulate respirator test using welding fume 5 of 11
Particulate respirator test using welding fume that the variation during laboratory test (error bar for product no. 2) was very small while error bars in laboratory test and field test in other products were relatively large. The difference of mean value between laboratory test and field test was not large as seen in Fig. 3 . Considering no significant difference in PD for product numbers 1 and 3 between laboratory test and field test with welding fume and small difference in PD value for product no. 2, results in Fig. 3 also confirms the validity of PD tester used in this study.
PD over time Fig. 4 presents the PD pattern for respiratory filters and the number concentration for test booths as a function of time. The welding duration was not consistent and relied on welder's working practice during working hours and break time. Four graphs were prepared, based on different welding fume mass concentrations (27.5, 15.4, 7 .9, and 2.1 mg m À3 ), measured with PVC filters with the pump at a fixed location. The y-axis at the left side indicates the PD of three products (numbers1, 2, and 3) , and the y-axis at the right side indicates the number concentration in the test booth measured by the P-Trak. Because the upper detection limit of P-Trak is 500 000 # cc À1 , plots of number concentration under the first condition (when mass concentration was 27.5 mg m À3 ) were straight lines at 500 000 # cc À1 , indicating that the number concentrations were above the upper detection limit. Under all conditions, PD increased with time. Additionally, increasing patterns show non-linearity, higher welding fume concentrations led to more rapidly increasing PD. Welding fumes after being collected on the filter fibers may enhance subsequent capture of fume particles thereafter. This phenomenon might be related to the complex mechanism of welding fume penetration on the respirator filter types (Cho et al., 2011 ). Spurny et al. (1969 explained how clogging mechanism affects PD development. In the beginning, the pore walls are coated with particles, and PD increases gradually with time because of decreased pore size. Later, a complete filling of the pores occurs, and it causes a rapid increase in PD. But their explanation about slow PD increase at the final stage due to the slow growing heap plug of particle on the pores was not observed in this study and previous study (Cho et al., 2011) .
The increasing rate of the PD for product numbers 2 and 3 was slower than that of product no. 1; the PD for product numbers 2 and 3 exhibited similarly increasing patterns. For product no. 1, the test was stopped when the PD reached 60 mmH 2 O, which was the upper limit of the field PD tester. The mean values of number concentration during four different tests were 485 997 # cc �1 (underestimated), 463 378 # cc �1 (underestimated), 423 596 # cc �1 , and 224 916 # cc �1 . The number concentration patterns of the first test (mass concentration; 27.5 mg m �3 ) were severely underestimated and the second mildly underestimated because of the instrument's upper limit (500 000 # cc �1 ) as seen in Fig. 4 . The third test was somewhat steady during experiments, but fourth fluctuated with time because of air turbulence and dilution effects, due to an operating fan on the booth wall.
PD with fume loading on respirators Fig. 5 presents PD results as a function of welding fume accumulation on filters. The upper four curves, middle curves, and lower curves are the results for product numbers 1, 2, and 3, respectively. The x-axis was prepared under the assumption that airborne fume concentration was steady during test. The fume load per minute (mg min �1 ) was derived from the airborne concentration using equation (2) assuming the filter efficiency was 100%, and the ranges of the x-axes were determined by continuously summing the fume loads (milligrams per minute) over time.
Fume load
C T ðmg m � 3 Þ : Total fume concentration Q P À L min � 1 Á : Flow rate of PD tester pump:
Similar trends of PD were seen for the same models under different test conditions. However, for product no. 1, the intervals among four increasing curves were larger than those for product numbers 2 and 3. This can be explained by the intra-sample deviation among different samples and measurement error, as mentioned previously. Fig. 4 shows that higher airborne concentrations resulted in faster PD increases and shorter times to reach the same resistance. However, when the x-axes were converted into fume load, as in Fig. 5 , PD trends were similar. The increase in PD depended on the product and the amount of fume load on the filter. Fig. 6 compares PD patterns between previous laboratory test results (Cho et al., 2011) and field study results of this study. The average welding fume concentration for laboratory tests was higher than that for field tests (laboratory: 90.8 -32.7 mg m �3 , field: 13.2 -11.0 mg m �3 ), and the measurement ranges of the two PD testers were different (laboratory: 200 mmH 2 O, field: 60 mmH 2 O). Thus, longer PD patterns were observed during laboratory tests, and direct comparison of PD between laboratory and field results was limited. In the laboratory, airborne welding fume concentration was measured in the test chamber containing the tested respirators. The 6-inch glass fiber filter was placed in the test chamber for 10 min, and the accumulated mass of welding fumes as a function of time was calculated. However, in the workplace, an area sampling method was used to measure airborne welding fume concentrations. Thus, there might be disparity between x-axes for the laboratory and field test results (Fig. 6) . Nonetheless, increasing PD patterns were similar under the two conditions. The PD of product no. 1 increased most rapidly and those of product numbers 2 and 3 increased similarly. The PD from the laboratory test for product no. 3 was divided by two to compensate for the effect of different flow rates. The initial PD of product no. 2 was the highest, followed by product no. 1. However, at the end point, product no. 1 had the highest PD for both tests followed by product no. 2. Additionally, the increasing slope of PD was the greatest for product no. 1. Visualization of welding fume particle collection on filters Fig. 7 shows photographs of tested filters and SEM images of welding fumes trapped on the filters. SEM images of three filters were acquired for the outer cover web (which is designed to protect the inner filter materials), first, and second layers. The photographs, taken before and after testing, show that welding fumes accumulated on the outer surface of the filters. SEM images show that a greater amount of fumes accumulated on the first layer than the outer cover web or second layers for all filters tested. For all the three filters, the fibers of the outer web of filters were thicker and looser than those of the first layer, and black activated carbon with fine fibers were found in the second layer. The welding fumes stuck to the fiber surfaces in the outer web layer. However, in the first layer, welding fumes were more aggregated, wrapped, and formed a fume mass in the small areas between fibers. Little amount of fume was found below the third layer (data not shown) in this study; thus, we concluded that most fumes were trapped within the first two layers including cover web, and the remaining layer might be useful for meeting stringent safety requirements. All samples shown in Fig. 7 were tested at an airborne concentration of 27.5 mg m À3 .
Laboratory test versus field test
Exposed respirator filters were tested by SEM-EDS and were summarized in Table 2 . Many elements, such as C, O, Fe, Mn, K, Cu, and Si, were detected in all products. Ti, Zn, Br, and Cl were rarely detected. The detected frequency of these elements differed by layers. We examined the clean filters under SEM-EDS and found that C and O were the major constituents of clean filters (data not shown).
The chemical composition and amount of welding fume depend on various factors: welding procedures, shielding gases, fillers, base metals, and the presence of coatings (Pires et al., 2006) . However, the products used in this study were tested simultaneously under the same welding conditions (27.5 mg m À3 airborne concentration). Thus, we were able to compare Laboratory test data were modified which was presented before (Cho et al., 2011) . (Jenkins and Eagar, 2005; Yoon et al., 2009 ). These metal analyses confirmed our SEM results; most fumes were trapped in the first three layers, with the majority in the first layer and the outer web cover and few elements were detected in the second layer. Other study's finding on the different roles of the different filter layers supports our finding although different aerosol and different type of respirator were used. Fisher et al. (2009) found that viruses recovered from the larger sized aerosols were more likely to be recovered from the outside layers or middle layers of the respirator than the inner layers compared to viruses recovered from smaller bioaerosols.
A limitation of this field study was that penetration of respirators was not tested because of inappropriateness of the tester. Also, resistance to clogging using dolomite dust according to the EU standard (EN 149 and EN 143) or silica challenging for the leakage by NIOSH 42 CFR 84 protocol was not tested. This experiment was done under space and time constraints; thus, only the specially designed Photographs and SEM images of tested products. The two left columns show photographs taken before and after testing. The three right columns are SEM images: outer web layer (Â300 for all models); first (Â300 for all models); and second layer (Â55 for product no. 1, Â90 for product no. 2, and Â100 for product no. 3). ''*'' For product 3, the fourth layer was presented to
show activated carbon as well as thin fiber. Numbers in the SEM images correspond to the spots selected for EDS elemental analyses as shown in Table 2 . Elements detected more than or equal to four points among nine target points (three points at each three product). b Elements detected less than four points among nine target points (three points at each three product).
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Particulate respirator test using welding fume 957 field PD tester was used. For the next steps of the research, a workplace protection factor study which includes sampling particles inside and outside the respirator during the welding could be one logical progression.
CONCLUSIONS
This study has important implications for understanding PD patterns of respirators in occupational settings. PD patterns tested at the workplace were similar to the laboratory test results from a previous study. Additionally, we observed different PD patterns among three models, while similar patterns were observed for the same model. It is interesting to note that most fumes were trapped in the first three layers, and most were in the first layer of all models tested. Visualization of fume entrapment provides insight into the role of each filter layer in the respirators. 
